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Abstract 

In the present thesis, the problem of the functionalisation of fluoropolymers was addressed. 
As chemical methods for the functionalisation of fluoropolymers apply environmentally 
harmful chemicals, the research was directed to low-pressure non-equilibrium 
radiofrequency (RF) inductively coupled plasmas of environmentally friendly gasses. The 
research was focused on polytetrafluoroethylene (PTFE), the most representative 
fluoropolymer. The interactions between low-pressure cold hydrogen plasma and the PTFE 
surface were studied using X-ray photoelectron spectroscopy (XPS), Secondary Ion Mass 
Spectrometry (SIMS), and goniometry (water contact angle - WCA). After optimising the 
PTFE surface functionalisation with hydrogen plasma, we studied the interaction of pre-
treated samples with low-pressure cold oxygen plasmas. A cobalt catalytic probe was used 
for O-atom density measurements. The subsequent treatment of PTFE with low-pressure 
hydrogen and oxygen plasmas enabled us to obtain a superhydrophilic PTFE surface with 
a water contact angle of about 5°. By selective exposure of PTFE to vacuum ultraviolet 
(VUV) radiation in hydrogen plasma, we discovered that VUV is the main cause of C−F 
bond breakage in the PTFE surface layer, resulting in the formation of dangling bonds. 
We found H-atoms of great importance for terminating the dangling bonds and binding 
the released fluorine into HF molecules. Hydrogen plasma treatment resulted in nearly 
instant formation (after 1 s) of a few nm thick polyolefin-like layer containing almost no 
fluorine. The surface of samples treated with hydrogen plasma exhibited a WCA of about 
95°. The PTFE with polyolefin-like surface layer was then treated in the afterglow of 
oxygen plasma. We found that superhydrophilicity (WCA of 5°) of the pre-treated PTFE 
surface occurred instantly within 0.2 to 0.3 s with an O-atom fluence of about 1×1023 m−2. 
The oxygen content in the treated surface as determined by XPS was about 20 at.% and 
remained constant over a broad range of O-atom fluences. Oxygen was bound in 
hydrophilic and hydroneutral functional groups such as hydroxyl, carboxyl or carbonyl. 
The WCA dependence on the O-atom fluence exhibited a minimum, followed by a dramatic 
hydrophobic recovery. Ultimately, after prolonged treatment with oxygen plasma, the F/C 
ratio of the untreated polymer was achieved. The complete hydrophobic recovery indicates 
that there are simultaneous competitive processes of functionalisation and etching. From 
the constant oxygen content over a broad range of atom fluences around the WCA 
minimum, it was concluded that the WCA did not depend only on the chemical 
composition of the surface, but also on the surface roughness controlled by etching. The 
method for hydrophilisation of PTFE samples was proved in a small experimental plasma 
system. To bring our research closer to industrialisation, an industrial size reactor 
sustaining plasma with four coils coupled in parallel to the same RF generator was 
developed. Such a reactor can be used for the treatment of polymers of almost arbitrary 
shape and size. The specialty of this system is the ability to equalise the impedances of 
leads for each coil separately using sliders. We mounted RF coils into the reactor, and 
constructed innovative dielectric cups submerged into the reactor, which enabled 
positioning of the coils in a space sustained at atmospheric pressure, thus preventing arcing 
and the interference of electromagnetic fields with metallic parts of the reactor. The 
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innovative solution enabled high atom density in the metallic chamber due to minimised 
recombination of neutral atoms. We managed to achieve an almost perfect equalisation of 
the power distribution among coils and thus steady transitions of plasma modes in all coils 
at elevated RF power. Transitions between plasma modes refer to the number of coils 
sustaining plasma in a specific mode. The even distribution of power among coils enabled 
a transition from E- to H-mode for all four coils at reasonable power. The proper operation 
of the newly constructed plasma system was proved by systematic measurements of O-
atom densities within the reactor vessel. We observed tangible gradients close to the plasma 
exhausts of the dielectric cups, but 21 cm below the dielectric cups we found homogeneous 
distribution of neutral oxygen atom density of about 1.2×1021 m−3. 
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Povzetek 

V doktoratu smo obravnavali problematiko funkcionalizacije fluoriranih polimerov. Ker pri 
kemijskih metodah funkcionalizacije fluoriranih polimerov uporabljajo okolju nevarne 
kemikalije, smo se pri naših raziskavah posvetili uporabi nizkotlačnih neravnovesnih 
radiofrekvenčno (RF) induktivno sklopljenih plazem okolju prijaznih plinov. Osredotočili 
smo se na politetrafluoroetilen (PTFE), ki je najbolj reprezentativen fluoriran polimer. Z 
uporabo XPS-a, SIMS-a in goniometrije (kontaktni kot vodne kapljice) smo proučevali 
interakcije med nizkotlačno hladno vodikovo plazmo in površino PTFE. Po optimizaciji 
funkcionalizacije površine PTFE z vodikovo plazmo smo proučevali interakcije med 
predhodno obdelanimi vzorci z vodikovo plazmo in nizkotlačno hladno kisikovo plazmo. 
Gostote O-atomov smo merili s kobaltovo katalitično sondo. Zaporedna obdelava PTFE z 
nizkotlačno vodikovo in kisikovo plazmo nam je omogočila superhidrofilizacijo površine 
PTFE, na kateri smo dosegli kontaktni kot vodne kapljice približno 5°. S selektivno 
izpostavitvijo PTFE vakuumskemu ultravijoličnemu (VUV) sevanju v vodikovi plazmi smo 
odkrili, da je VUV glavni vzrok za cepljenje vezi C−F v površinski plasti PTFE, kar 
povzroča nastanek prostih vezi. Ugotovili smo, da so H-atomi zelo pomembni, ker se vežejo 
na proste vezi in vežejo sproščen fluor v molekule HF. Obdelava z vodikovo plazmo je 
povzročila takojšen nastanek (po 1 s) nekaj nm debele poliolefinske plasti, ki skoraj ni 
vsebovala fluora. Na površini vzorcev, obdelanih z vodikovo plazmo, je bil kontaktni kot 
vodne kapljice okoli 95°. PTFE s poliolefinom podobno površinsko plastjo smo nato 
obdelovali v postrazelektritvenem območju kisikove plazme. Ugotovili smo, da je bila pri 
dozi O-atomov približno 1×1023 m−2, superhidrofilnost (kontaktni kot okoli 5°) predhodno 
obdelane površine PTFE dosežena takoj oziroma po 0,2 do 0,3 s. Vsebnost kisika na 
obdelani površini, ki smo jo določili z XPS-om, je bila približno 20 at.% in je ostala 
konstantna v širšem območju doz O-atomov. Kisik se je vezal v hidrofilne oziroma 
hidronevtralne funkcionalne skupine, kot so hidroksilna, karboksilna in karbonilna. 
Kontaktni kot je ob večanju doze O-atomov dosegel minimum, čemur je sledila povrnitev 
površine v hidrofobno stanje. Po dolgotrajni obdelavi s kisikovo plazmo smo na površini 
dosegli F/C razmerje neobdelanega polimera. Popolna povrnitev v hidrofobno stanje 
nakazuje, da obstajata sočasna kompetitivna procesa funkcionalizacije in jedkanja. Na 
podlagi konstantne vsebnosti kisika v širokem razponu doz O-atomov okoli minimuma 
kontaktnega kota smo ugotovili, da kontaktni kot ni odvisen le od kemične sestave 
površine, ampak tudi od površinske hrapavosti, na katero vpliva jedkanje. Metodo 
hidrofilizacije vzorcev PTFE smo dokazali v majhnem eksperimentalnem plazemskem 
sistemu. Da bi naše raziskave približali industriji, smo razvili reaktor industrijske velikosti, 
ki generira plazmo s štirimi tuljavami, vezanimi vzporedno z istim RF generatorjem. 
Takšen reaktor lahko uporabljamo za obdelavo polimerov skoraj poljubnih oblik in 
velikosti. Posebnost tega sistema je možnost izenačevanja impedanc vodnikov za vsako 
tuljavo posebej s pomočjo drsnikov. RF tuljave smo namestili v reaktor. Skonstruirali smo 
inovativne dielektrične razelektritvene cevi potopljene v reaktor, ki so omogočale 
namestitev tuljav v prostoru, kjer je bil zrak pri atmosferskem tlaku, s čimer smo preprečili 
nastanek obločne plazme in kakršnih koli interferenc elektromagnetnih polj s kovinskimi 
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deli reaktorja. Inovativna rešitev je omogočila visoko gostoto atomov v kovinski komori 
zaradi zmanjšane rekombinacije nevtralnih atomov. Uspelo nam je doseči skoraj popolno 
izenačitev porazdelitve moči med tuljavami in s tem enakomerne prehode med načinoma 
plazme v vseh tuljavah pri povišanju RF moči. Prehoda med plazemskima načinoma se 
nanašata na število tuljav, ki generirajo plazmo v določenem načinu. Enakomerna 
porazdelitev moči med vsemi tuljavami je omogočila prehode iz E- v H-način za vse štiri 
tuljave pri zmernih močeh. Pravilno delovanje na novo skonstruiranega plazemskega 
sistema smo dokazali s sistematičnimi meritvami gostote O-atomov v reaktorski posodi. V 
bližini izstopov plazme iz razelektritvenih cevi smo opazili znatne gradiente, vendar smo 
21 cm pod dielektričnimi cevmi izmerili homogeno porazdelitev gostote nevtralnih atomov 
kisika približno 1,2×1021 m−3. 
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Chapter 1 

1 Introduction 

Fluorinated polymers consist of fluorine, carbon and many of them contain other elements 
too. Typical for them are C−F bonds. The most known fluoropolymer is 
polytetrafluoroethylene (PTFE), commercially named Teflon. PTFE is chemically and 
biologically inert, has high-temperature resistance and good mechanical properties. 
Therefore, it is commonly used in technics and medicine (Ebnesajjad, 2000; Okazaki, 2017; 
Olabisi & Adewale, 2015). The problem connected with its use for some purposes is its low 
surface energy, strongly aggravating its possibility of adhering to other materials (Takata, 
Iwao, & Yumoto, 2016), which causes problems related to the deposition of thin layers of 
various materials, printing and bonding of biological macromolecules and cells on to its 
surface (Bikerman, 1967; Kwon et al., 2020; Ma et al., 2020; Schonhorn & Hansen, 1967; 
Takata et al., 2016). Traditional methods for defluorination of the PTFE surface and 
binding of hydrophilic functional groups include chemical methods such as surface 
treatment with Na-naphthalenide in tetrahydrofuran followed by BH3 and H2O2 /NaOH 
treatment (Gabriel, Dahm, & Vahl, 2011), treatment with sodium solution in anhydrous 
ammonia (Ebnesajjad, 2000), surface reduction with benzoin-di-anion and direct 
electrochemical reduction of the surface (Mathieson, Brewis, Sutherland, & Cayless, 1994). 
Because these chemical treatments include toxic, aggressive and environmentally harmful 
chemical compounds, scientists are searching for environmentally friendly alternatives 
(Marchesi, Ha, Garton, Swei, & Kristal, 1991; Ohkubo, Endo, & Yamamura, 2018; Ohkubo 
et al., 2017). The traditional solution to the PTFE adherence problem is depicted in Figure 
1. Other options are ion irradiation (Takata et al., 2016), corona treatment (Ebnesajjad, 
2011) and plasma treatment. Currently, the most promising alternative is treatment of the 
PTEF surface with low-pressure cold plasma. However, established plasma treatment 
methods do not deliver adequate results in the case of PTFE surface treatment (Primc, 
2020). Therefore, this doctoral dissertation was dedicated to the study of mechanisms of 
interaction between different radicals and radiation originating from plasmas with 
fluorinated polymers. Deep insight into these interactions enabled us to develop a new 
method for the functionalisation of fluorinated polymer surfaces. Due to the need for 
upscaling of the presented plasma functionalisation method, a new innovative plasma 
reactor was developed to sustain plasma with multiple inductors coupled in parallel to a 
single radiofrequency generator, equipped with an advanced impedance tuning system. 
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Figure 1: Problems regarding traditional approaches to PTFE functionalisation. 

 

1.1 Thesis Structure 
The thesis starts with an explanation of the physical and chemical properties of PTFE, 
followed by an explanation of the principles of surface wettability, setting the basis for 
development of plasma functionalisation methods of PTFE. It is followed by a short review 
of existing research regarding the functionalisation of PTFE, which clearly points out that 
the established plasma treatments of PTFE are still inferior to traditional chemical 
functionalisation methods, as they are too slow for industrial use, or plasmas of 
environmentally harmful gasses are employed. Then follows a description of the thesis 
objective, and the stated hypothesis and methodology used in the research. The main body 
of the thesis consists of five scientific papers. Dane Lojen, the author of the thesis, is the 
first author of three. The articles were published in eminent journals dedicated to surface 
science, polymer science, vacuum technologies and plasma science: Applied Surface Science, 
Polymers, Vacuum and Plasma Science and Technology. Dane Lojen, with the help of co-
workers, performed plasma treatments, neutral atom density measurements, OES 
measurements, water contact angle measurements, engineered a new innovative plasma 
system, performed selections and interpretations of experimental results, and wrote drafts 
of the papers. X-ray photoelectron spectroscopy (XPS) analyses were performed by the co-
mentor, Prof. Dr. Alenka Vesel. Time-of-flight secondary ion mass spectrometry (ToF-
SIMS) analyses were performed by Jernej Ekar. The co-authors helped with scientific ideas, 
experimental advice, assembly of the new plasma system, and the writing of manuscripts. 
The thesis closes with joined conclusions of all the key findings of all five included articles 
followed by references, a bibliography, and a short biography about the author. 
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1.2 Properties of Polytetrafluoroethylene (PTFE) 
PTFE was accidentally discovered by Dr. Roy Plunket in 1938, while working at DuPont 
during development of the synthesis of refrigerant (CClF2–CHF2) from tetrafluoroethylene 
(TFE) (Ebnesajjad, 2000). 

Nowadays, fluorinated polymers such as PTFE are widely used for various applications 
in aeronautics, microelectronics, engineering, the chemical industry, optics, textile finishing, 
the automotive industry, houseware, chemical processing, medical devices, architectural 
fabrics and wiring insulation (Calleja, Jourdan, Ameduri, & Habas, 2013). 

Fluoride compounds, especially PTFE, are used as biomedical materials for artificial 
blood vessels, artificial lung membranes, catheters, sutures, applications in reconstructive 
and cosmetic facial surgery and in guided tissue regeneration (GTR scaffolds) (Okazaki, 
2017). 

PTFE is a chain polymer consisting of repeating units of –(CF2)n– (Clark, 1999) with a 
very high molecular weight (Okazaki, 2017). It is highly chemically resistant and exhibits 
the highest chemical stability among organic polymers (Ebnesajjad, 2000). It is chemically 
inert and thus resistant to oxidation, organic solvents, oils, water, acids, and bases (Calleja 
et al., 2013). PTFE is also biologically inert and non-biodegradable (Okazaki, 2017). 

PTFE can be polymerised to extremely high molecular masses in the order of 
MPTFE = 106–107 Da or perhaps even 108 Da, and cannot be dissolved in common solvents 
(Olabisi & Adewale, 2015). 

PTFE has a linear structure with a backbone of carbon-carbon and carbon-fluorine 
bonds, both of which are extremely strong (C–C = 607 kJ/mol and C–F = 552 kJ/mol) 
(Ebnesajjad, 2000). In C–F bonding, fluorine has a higher electron density than carbon 
because it pulls the shared electron pair closer to itself relative to the centre point of the 
C–F bond. The fluorine atom is larger than the hydrogen atom and it’s unshared electron 
pair is easily converted to F–. The size of fluorine atoms and the length of C–F bonds are 
just right to provide a uniform and continuous sheath that entirely blankets the carbon 
backbone (carbon-carbon bonds), protecting it from chemical attack. The F-atom 
abstraction mechanism in the C–F bond is ruled out by its polarity and strength, so there 
is no chain branching in PTFE (Ebnesajjad, 2000). 

In general, PTFE is not susceptible to nucleophilic attack because it has no double 
bonds. However, it can lose fluorine by an electrophilic attack of alkali metals under long-
term exposure to heat. Fluorine can be abstracted from PTFE by highly reactive alkali 
metals such as caesium, potassium, sodium, lithium and highly etching activated 
magnesium. With the loss of fluorine, the structure of PTFE is destabilised. When the 
fluorine-to-carbon ratio is decreased, the colour changes to brown and finally black (the 
black layer is normally comprised of carbon, some oxygen and small content of other 
elements) (Ebnesajjad, 2000). 

At high temperatures, thermal degradation of PTFE may appear. PTFE’s weight loss 
is 1 %/hr at 465°C as measured by thermo-gravimetric analysis (TGA) (Ebnesajjad, 2000). 
However, thermal degradation of PTFE is not of great concern, as maximum operational 
temperatures do not often exceed 260 °C (Olabisi & Adewale, 2015). 

Pure PTFE does not absorb electromagnetic radiation in visible and UV spectra. 
Therefore, light does not induce photochemical reactions or degradation reactions (Olabisi 
& Adewale, 2015). 

Electron, X-ray, or γ-ray irradiation leads to the formation of primary and secondary 
radicals through cleavage of C–C and C–F bonds (Drobny, 2009; Olabisi & Adewale, 2015). 

PTFE has a high melting point (more than double of polyethylenes - PE) (Ebnesajjad, 
2000), an extremely low friction coefficient (Nunes, Dias, & da Costa Mattos, 2011) and 
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excellent slipperiness (Okazaki, 2017). However, its resistance to abrasion and wear is poor 
(Calleja et al., 2013), especially at higher sliding velocities (Olabisi & Adewale, 2015). 

Hydrogen bonding of PTFE is ruled out by its neutral electronic state and its 
symmetrical geometry. Consequently, PTFE is very soft and easily abraded (molecules slip 
and slide against each other). There is no steric hindrance due to the absence of branches 
and side chains which results in unconstrained slipping of PTFE molecules against each 
other (Ebnesajjad, 2000). 

In general, the density of PTFE is in a range from 2.1×103 to 2.3×103 kg/m3 (the upper 
limit is for nearly perfect crystalline PTFE) depending on its crystallinity, porosity, and 
void content. The crystallinity of PTFE upon polymerisation can be as high as 98 %. The 
crystallinity of processed PTFE may vary from less than 40 % to 70 %, depending on 
processing conditions. (Olabisi & Adewale, 2015). 

For example, the melting point of commercially available PTFE from DuPont - Teflon® 
is around 327 °C, and its density is 2.18×103 kg/m3 (Nunes et al., 2011). When PTFE 
melts, it is transformed from a white solid to a transparent gel that is not truly liquefied 
because of its extremely high molecular mass (the shape is stable due to low molecular 
movement) (Olabisi & Adewale, 2015). 

Steric repulsion between fluorine atoms, due to their size, prevents the formation of the 
polyethylene-like planar zig-zag conformation in PTFE, though it can be forced into planar 
zig-zag conformation under extreme pressure (Ebnesajjad, 2000). Generally, the 
conformation of PTFE is helical, by which steric repulsion is minimised. PTFE is also very 
hydrophobic (Ebnesajjad, 2000). 

In general, fluoropolymers exhibit very low surface energy and critical surface tension. 
The fluorine sheath is responsible for PTFE having a low surface energy of 1.8 × 10−2 J/m2 
the lowest among organic polymers (its non-branched structure also contributes to the low 
surface energy). The surface tension value of PTFE is 2.25 × 10−2 J/m2. This can be 
explained by intermolecular forces, also called Van der Waals forces (Ebnesajjad, 2000). 

PTFE molecules have no permanent dipoles, have low polarisability, and exhibit low 
ionisation propensity, resulting in the minimisation of polar energy and force, dipole-
induced dipole energy and nonpolar energy or forces between PTFE molecules as well as 
between PTFE and other molecules. The electron balance and neutrality result in high 
chemical resistance, low polarisability, low dielectric constant, low dissipation factor, and 
high volume and surface resistance (Ebnesajjad, 2000). 

It is generally accepted that PTFE has a semi-crystalline structure (Calleja et al., 2013). 
The crystal structure of PTFE is not typical because it can have a number of crystal forms 
and there is also substantial molecular motion present within the crystal well below the 
melting point. All structural conformations of PTFE are nearly cylindrical with nearly 
hexagonal packing (Clark, 1999). Due to the helical conformation of the linear PTFE 
molecules, chains are rigid and fully extended, resembling rod-like cylinders (Ebnesajjad, 
2000). 

The polymerisation process and unbranched chain structure of PTFE allow for a high 
crystallisation level despite the chain’s high molecular weight. The crystallinity level of 
virgin PTFE (never melted) is in the range of 92 to 98 %. The crystallisation of PTFE 
molecules occurs as a banding structure. The length of the bands is in the range of 10 to 
100 µm, while the range of band width is 0.2 to 1 µm depending on the rate of cooling. 
Crystalline slices are created by folding over or stacking crystalline segments that are 
separated by the amorphous polymer, forming a striating structure. The thickness of the 
crystalline slices is 20 to 30 nm. (Ebnesajjad, 2000). 

According to temperature, PTFE can have a mobile amorphous fraction (MAF), a rigid 
amorphous fraction (RAF), and a crystalline phase (Calleja et al., 2013). 
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The main inadequately solved problems regarding adherence of the PTFE surface and 
printing on its surface are its low surface energy and weak boundary layer (Bikerman, 1967; 
Schonhorn & Hansen, 1967). PTFE’s water contact angle (WCA) values vary between 80 
(Hong, Kim, & Choi, 2019) and 140° (Dumée et al., 2016), depending on the manufacturing 
process, which determines surface roughness and cleanness. Conventional methods for 
PTFE surface functionalisation and improvement of adhesion properties are etching with 
sodium-containing corrosive solutions such as Na-napthalenide (Gabriel et al., 2011; 
Marchesi et al., 1991), ion bombardment (Lee, Lee, Chang, & An, 2014) and flame 
treatment (Wypych, 2018). However, the disadvantages of chemical etching are toxicity to 
humans, high environmental load, malodour, and PTFE surface colouration (Ohkubo et 
al., 2018, 2017). 
 

1.3 Surface Wettability 
The surface wettability of PTFE can be evaluated in terms of water contact angle (Liu et 
al., 2004), measured with a goniometer (Xu, Hu, Wu, & Chen, 2003). The hydrophilic and 
hydrophobic properties of solids depend on their surface energy. The surface energy of 
solids (γs) consists of contributions of the polar component (γp) and the disperse component 
(γd). It can be determined by use of liquids with known γp and γd values such as water 
and di-iodomethane, by measurement of the contact angles of both liquids, through the 
Owens-Wendt model. (Huang, Ma, Tsai, Hou, & Juang, 2013). Optical systems such as 
CAM 2000, with a monochromatic light-emitting diode, can be used for imaging liquid 
droplets (Liu et al., 2004). The static contact angle can be measured with video contact 
angle systems enabling automatic droplet profile projection of a sessile droplet resting on 
the sample’s surface and its contact angle measurement (Huang et al., 2013). It is preferable 
to perform multiple measurements on each sample (for example, 5 measurements) and 
calculate the average value and standard variation (Liu et al., 2004). 

The contact angle is defined by the intersection of the liquid-solid interface and the 
liquid-vapour interface. It is geometrically determined from the droplet side profile by 
applying a tangent line to the droplet at the triple-phase intersection point (liquid, solid, 
and gas) along the liquid-vapour interface crossing the line determined by the solid-liquid 
interface. The interphase where liquid, solid, and vapour coexist is called the “triple point 
contact line” (Yuan & Lee, 2013). 

The wettability of surfaces is usually evaluated by the measurement of contact angles 
of small liquid droplets. Materials on which droplets form small contact angles (<90°) are 
considered hydrophilic (surface wetting is favourable, so fluid is spread over a large surface 
area), while surfaces with high contact angles (>90°) are considered hydrophobic (surface 
wetting is unfavourable, so the fluid contact surface area is minimised, resulting in a 
compact-shaped droplet) (Yuan & Lee, 2013). 

In ideal cases, the liquid droplet shape is determined by the liquid's surface tension. 
Within the volume of the liquid, each molecule is pulled equally in every direction by 
neighbouring molecules resulting in the net force of zero to every molecule, as shown in 
Figure 2. However, the molecules at the phase boundaries do not have interactions with 
neighbouring molecules of the same kind in all directions, resulting in the imbalance of the 
net force per molecule, causing them to be pulled inward by the neighbouring molecules, 
creating internal pressure. The sum of intermolecular forces that contracts the surface area 
is called surface tension. As a result, the liquid surface area is contracted to the minimum 
surface area per fixed volume, so that the lowest surface free energy is maintained (surface 
per unit of volume is minimised in the shape of a sphere) (Yuan & Lee, 2013). 
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Figure 2: Representation of the forces on individual molecules (Yuan & Lee, 2013). 

In practice, the shape of the droplet is determined by the surface tension and by external 
forces such as gravity. Gravity deforms sessile droplets by flattening and pedant droplets 
by elongation. In general, the larger the droplet, the greater the effect of gravity on its 
shape (Yuan & Lee, 2013). In practice, we use droplets with a volume of about 1 µl or less, 
so the gravitational flattening is negligible for all liquids, including those of small surface 
tension. 

In 1805, Thomas Young described the relation between the contact angle of a liquid 
droplet on an ideally smooth solid surface in mechanical equilibrium and liquid vapour 
interfacial tension, solid vapour interfacial tension, and solid-liquid interfacial tension in 
the equation written below (equation 1) (Yuan & Lee, 2013). 

𝛾஬ஶ = cos 𝜃ட = 𝛾ளஶ − 𝛾ள஬ (1), 

where 𝛾஬ஶ is the liquid-vapour interfacial tension, 𝛾ளஶ the solid-vapour interfacial 
tension, 𝛾ள஬ the solid-liquid interfacial tension and 𝜃ட  the contact angle. (Yuan & Lee, 
2013). 

Wetting is favoured when interfacial free energy and liquid surface free energies are low 
and solid surface free energy is high. (Owens & Wendt, 1969). 

At this point, it should be highlighted that contact angles measured on rough or/and 
heterogeneous surfaces are not Young contact angles because Young’s model does not 
include factors accounting for surface roughens or/and inhomogeneity of the solid surface 
(Yuan & Lee, 2013). 

In the case of surface roughness, the slope variations of the surface represent barriers 
that pin the liquids’ front motion when it is moving in one or another direction, resulting 
in alteration of the contact angle (Yuan & Lee, 2013). 

Surface topography exhibits hydrophilic properties, if the droplet follows the 
topography, which generates an efficient decrease in the contact angle, or it spreads inside 
the solid textures (solid and liquid). The liquid contact angle is decreased in case of partial 
wetting when islands of solid emerge. (Bico, Thiele, & Quéré, 2002). The surface is 
considered to be superhydrophilic when the fluid contact angle is immeasurably low 
(materials exhibiting very low, but measurable, contact angle values are considered to be 
superhydrophilic), meaning the droplet transforms into a flat puddle (Yuan & Lee, 2013). 

There are also cases in which the film of liquid spreads within the texture and the 
droplet is sited over a mixture of liquid and solid, as shown in Figure 3. In such cases, the 
contact angle is between zero and the contact angle found on the flat homogeneous surface 
(Bico et al., 2002). 



1.3. Surface Wettability 7 

 

Figure 3: Schematic representation of a droplet sitting on the solid/liquid interface (Bico 
et al., 2002).  

Superhydrophobic surfaces are usually considered to have contact angles higher than 
150° meaning that small droplets have a very low contact surface area (Yuan & Lee, 2013). 
The surface exhibits superhydrophobic properties if there are, for example, sharp corners, 
and pinning contact lines on the texture. In such a case, the droplet is not stickled to the 
surface and can be easily removed. If the contact angle is higher than 90°, air is trapped 
beneath the liquid. Liquid on a model surface consisting of holes and spikes is shown in 
Figure 4. (Bico et al., 2002). 

 

Figure 4: Schematic representation of a droplet on a model surface consisting of holes 
and spikes (Bico et al., 2002). 

The wetting properties of the surface can be simply described by the two dimensionless 
parameters: the surface roughness and the surface fraction that describes the ratio between 
the two levels of the surface. These two parameters, together with the Young contact angle 
(which depends on the chemical nature of the liquid), enable the calculation of the contact 
angles of certain liquids on a certain surface. (Bico et al., 2002). 

The hydrophilicity of the surface generally depends on its chemical composition, namely 
on functional groups bound onto the surface. 

The hydrophilicity of functional groups is quantitatively determined by their hydration 
number. According to their hydration numbers, functional groups are classified as 
hydroneutral and hydrophilic. Hydration numbers are also temperature-dependent. Low 
molecular mass compounds with hydroneutral functional groups are usually well soluble in 
water. However, there are no hydrated water molecules attached to hydroneutral functional 
groups. Hydroneutral groups have the hydration number nH = 0, while hydrophilic 
functional groups have hydration numbers above 0. There are certain functional groups 
that are polar and have high dipole moments. Therefore, they should be classified as 
hydrophilic, but they are actually hydroneutral. Hydroneutral groups are, for example 
−CN, −NO2, −C(O)O− and −CO− groups. All hydroneutral groups are aprotic, and thus 
proton acceptors (Shikata & Okuzono, 2013). 

According to their hydration numbers, hydrophilic polar groups are −CH2OCH2−, −OH 
and −C(O)NH2 with hydration numbers of 4, 5 and 6, respectively. They are more easily 
protonated and have slightly lower pKa than hydroneutral groups. pKa between −6 and −4 
is the value range dividing hydroneutral and hydropilic functional groups (Shikata & 
Okuzono, 2013). 
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1.4 Plasma PTFE Functionalisation Methods 
Plasma treatment technology is widely used for surface modification of PTFE, due to the 
fact that surface modifications are possible without alteration of material bulk properties 
(Hai, Hi, Shimizu, & Yajima, 2015a). Plasma modification techniques have an advantage 
over other methods because plasma sheaths can follow the work-piece profiles of objects 
with complex geometries. PTFE surfaces can be modified with radio frequency (RF) 
plasmas (Hai et al., 2015a), microwave (MW) plasmas (Xu et al., 2003), and atmospheric 
plasmas such as dielectric barrier discharge (DBD) plasma (Liu et al., 2004). RF plasmas 
are commonly used for polymer processing in diverse applications. However, their limitation 
is the need for a vacuum to achieve adequate plasma conditions. (Liu et al., 2004). 

Plasma functionalisation mainly depends on the kinetic energy of the energetic species 
in plasma and vacuum ultra violet (VUV) radiation emitted by energetic species in plasma 
(Primc, 2020). Since the mid-1990s authors have used argon (Hong et al., 2019; Wilson, 
Williams, & Pond, 2001), hydrogen (Badey et al., 1996; Inagaki, Tasaka, & Umehara, 1999; 
Ryan & Badyal, 1995; Yamada, Yamada, Tasaka, & Inagaki, 1996), oxygen 
(Vandencasteele et al., 2008; Wilson et al., 2001), nitrogen (Hong et al. 2019; Wilson et al. 
2001), ammonia (Badey et al., 1996), water (Dumée et al., 2016) and methane plasmas 
(Jie-Rong & Wakida, 1997), but WCA improvements were incomparably worse than those 
of chemical treatments. The best results, as reviewed by (Primc 2020), were in the range 
of water contact angles between 50 and 45°, with PTFE surface oxygen concentration as 
probed by XPS between 10 and 30 at.% (Primc, 2020). 

It was found that PTFE surface hydrophilicity increases with bound oxygen content at 
the surface, but bound oxygen content tends to be reversely proportional to the oxygen 
content in plasma. Conventionally, there have been two types of PTFE plasma treatment. 
The first type of treatment with plasmas rich in oxygen typically results in a low level of 
functionalisation and, especially at high power, etching process is prevalent (Primc, 2020). 
Due to defluorination the carbon backbone becomes directly exposed to energetic oxygen 
species and the breaking of C−C bonds occurs, resulting in the formation of volatile CxFyOz 
fragments that are desorbed from the surface (Carbone, Verhoeven, Keuning, & van der 
Mullen, 2016). 

Vandencasteele N. et al. treated the PTFE surface in afterglow low-pressure RF oxygen 
plasma. At low DC bias, WCA of 75°, surface oxygen content of 5 at.% and a decrease in 
RMS surface roughness was obtained. At higher DC bias, no oxygen was bound to the 
surface and the surface roughness increased (alveolar structures appeared) (Vandencasteele 
et al., 2008). 

In the second type of PTFE plasma treatment with plasmas containing no or little 
oxygen (for example, hydrogen plasma), defluorination occurs due to VUV radiation and 
energetic radicals forming dangling bonds. Oxygen is bound to dangling bonds from 
residual water vapour within the discharge tube or/and after the treatment when samples 
are exposed to air (Primc, 2020). In low-pressure RF hydrogen plasmas, around 20 % of 
power is spent on radiation in the VUV range, in particular between 117 and 280 nm 
(Fantz, Briefi, Rauner, & Wünderlich, 2016). 

Inagaki et al, (1998) performed a comparison of hydrogen plasma treatment of PTFE 
inside the coil and in the remote zone of 800 mm away from the centre of the coil. Inside 
the coil in the hydrogen plasma, the prevailing species are VUV photons, electrons, 
hydrogen ions and neutral hydrogen atoms. On the contrary, in the afterglow, hydrogen 
atoms are the predominant species. Plasma was sustained by a 13.56 MHz RF generator 
coupled with a copper coil with 9 turns in a Pyrex tube with a diameter of 45 mm. The 
pressure of hydrogen in the system was 13.3 Pa. 
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The best results in the afterglow (remote zone) were achieved with a treatment time of 
120 s, and a water contact angle of 78° before rinsing and 77° after rinsing with acetone. 
In the centre of the coil, at the treatment time of 120 s, the contact angle value was 67° 
before rinsing and 88° after rinsing. Interestingly optimal results in the centre of the coil 
were achieved at a treatment time of 60 s with a contact angle 64° before rinsing and 84° 
after rinsing (Inagaki et al., 1999). 

It could be concluded that PTFE hydrophilisation occurs in both zones and that the 
difference in the water contact angle arises from the removal of degradation products that 
are formed during direct plasma treatment where extensive etching occurs, but not in the 
afterglow, where etching is less pronounced. (Inagaki et al., 1999). 

It was found that PTFE hydrophilisation in the afterglow, without etching, greatly 
improves adhesion between PTFE and copper. Failure of the PTFE/copper adhesive joint, 
therefore, is cohesive rather than adhesive (Inagaki et al., 1999). 

Yamada Y. et al. treated the PTFE surface in the afterglow of hydrogen low pressure 
capacitively coupled RF plasma and obtained a WCA of 57 °and F/C and O/C ratios of 
0.41 and 0.12, respectively. Angular resolved X-ray photoelectron spectroscopy (AR-XPS) 
with the use of extrapolation showed an F/C ratio of zero within the surface layer of 1 nm, 
indicating that there was complete defluorination within the surface layer (Yamada et al., 
1996). 

Ishikawa K. et al. showed that afterglow microwave low-pressure H-plasma is causing 
defluorination and formation of carbon dangling bonds by in situ spin resonance (ESR). 
Selective exposure to hydrogen radicals (U-shaped tube and light shade), only to VUV 
radiation and to a combination of VUV radiation and hydrogen radicals (sample holder 
with MgF2 filter and a slit allowing the entry of H-atoms positioned in late afterglow) 
showed that the formation rate of dangling bonds was much higher with simultaneous 
exposure to hydrogen radicals and VUV than with exposure only to VUV, while no 
dangling bonds were detected when the PTFE surface was exposed only to neutral atoms 
(Ishikawa et al., 2011). 

Badey et al. (1996) performed PTFE treatment with MW generated (2.45 GHz 
microwave generator) hydrogen plasma in a quartz tube with a diameter of 16 mm. 
Samples were located 30 cm from the centre of the discharge tube. Treatment at the H2 
flow of 50 sccm, effective power of 350 W, and treatment time of 60 s led to defluorination 
and creation of C–C and C–H groups, resulting in the decrease of water contact angle to 
the value of 83° and the F/C ratio at the surface of 0.90. 

Badey et al. (1996) also performed PTFE treatment with ammonia-plasma in the same 
system. Treatment with an ammonia flow of 30 sccm, effective power of 350 W and 
treatment time of 120 s led to defluorination and synthesis of C–C, C–H and nitrogen-
containing groups, resulting in the contact angle of 53° and F/C ratio of 0.6. They found 
that both hydrogen and ammonia plasma caused crosslinking in the PTFE (Badey et al., 
1996). 

Ryan & Badyal (1995) studied the effects of different non-equilibrium glow discharge 
treatments with plasmas of hydrogen, nitrogen, noble gas and CF4 on the PTFE surface. 
It was found that hydrogen plasma caused the greatest decline in fluorine content on the 
surface. Nitrogen and noble gas plasma treatments resulted in the formation of fibrillary 
microstructures. CF4 plasma treatment resulted in the breakage of polymer chains, followed 
by fluorine atom capping and yielding of –CF3 groups (Ryan & Badyal, 1995). 

From the literature, it is evident that functionalisation levels with oxygen or hydrogen 
plasmas alone are inadequate. 

There are two good reasons to use the plasma sustained in a mixture of H2O/Ar for the 
treatment of PTFE. Firstly, such plasmas contain many active species which can react 
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with the surface, and secondly, Ar helps to maintain a steady plasma at low temperatures 
and pressures (Xu et al., 2003). 

Xu H. et al. (2003) treated PTFE samples in MW plasma consisting of H2O and Ar. 
PTFE samples were first washed with a solution of methylbenzene, acetone and water to 
remove possible contaminants, which could affect untreated material surface properties and 
the plasma treatment process. Samples were processed in plasma MW-powered plasma 
systems using the mixture of Ar and H2O. The system consisted of a 2.45 GHz MW 
generator that was coupled with a quartz tube with a diameter of 30 mm. Argon with a 
flow rate of 5.0 – 10 sccm was introduced into the quartz tube through a water bubbler 
held at 20 °C resulting in the gas pressures in the discharge chamber between 27 and 50 Pa 
(Xu et al., 2003). 

Under optimal experimental conditions (400 W, 2.8 cm from the centre of the plasma 
zone and the time of 120 s), PTFEs surface contact angles decreased from 110° to 23.6°. 
Bulk properties of the material remained unchanged. Xu H. et al. (2003) also discovered 
that the WCA decreased with increasing power and treatment time. Prolongation of the 
treatment time, however, decreased the WCA only to a certain point, after which the effect 
was less pronounced. They also observed that the optimal processing time to obtain the 
lowest WCA with a certain processing power increased in tandem with increments of 
processing power. According to Xu H. et al. (2003), this could be explained by the fact 
that plasma under a given condition affects only to a certain depth, and when the 
processing depth is reached, there are no further changes. The fact that the processing time 
to reach the stable contact angle increases with increasing processing power supports the 
assumption that plasmas at higher processing powers can modify thicker surface layers (Xu 
et al., 2003). 
Xu H. et al. (2003) also found that the distance between the centre of the plasma zone and 
the sample greatly influenced the surface modification, probably because of the spatial 
distribution of active species and the temperature (Xu et al., 2003). Further, Xu H. et al. 
(2003) found that the WCA reached a constant value of 60° after 5 days (at room 
temperature, exposed to the atmosphere). It is interesting that the contact angle markedly 
increased in the first ten hours. Surface recovery originates from the changing fluorine and 
oxygen contents due to oxidative reactions. Other reasons are the migration of hydrophilic 
groups under the surface and the migration of chains from the bulk to the surface (Xu et 
al., 2003). 

Xu H. et al. (2003) performed XPS analyses and found that they were able to achieve 
a decrease in F/C ratio from 1.68 (the theoretical F/C ratio of PTFE 2.0) to the value of 
0.41, while the O/C ratio reached the value of 0.55. This indicates that MW plasma 
treatment with H2O/Ar plasma introduced high amounts of oxygen and resulted in 
substantial surface defluorination. With treated samples, they found a peak at 292.4 eV, 
which was assigned mainly to CF2 species underneath the surface, and a broader peak at 
around 285.2 eV to which multiple peaks were fitted. They were assigned to: C=O (288.5 
eV), C–O (286.2 eV), and C=C together with CH2 at 284.6 eV (Xu et al., 2003). 

Additionally, Xu H. et al. (2003) examined treated PTFE samples with ATR FTIR in 
a vacuum in the range of 1 mbar (100 Pa). Untreated PTFE samples had no absorption 
bands at wavelengths of 2800–4000 cm–1. The spectra of treated samples exhibited 
absorption peaks at 2882.8 cm–1 and 2931.9 cm–1, assigned to sp3 –C–H, the absorption 
peak at 3031.1 cm–1 assigned to sp2 –CH, and the absorption peak at 3554.4 cm–1 assigned 
to –OH. It is obvious from ATR FTIR results that many hydrophilic groups were formed 
in the thickness of PTFE surface film probed by FTIR (Xu et al., 2003). 

Huang C. et al. (2013) performed hydrophylisation of the porous and crystalline PTFE 
membrane surface with RF (13.56 MHz) generated plasma consisting of a mixture of 
methane (CH4) and nitrogen (N2) in a Pyrex discharge tube with the internal diameter of 
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53 mm and length of 450 mm. A copper coil was located 100 mm from the gas inlet. Flow 
rates of CH4 and N2 were 8 sccm (1:1 methane - nitrogen gas mixture) and the pressure in 
the discharge tube was 120 mTorr (1.6 Pa). The RF powers used were between 10 and 
50 W (Huang et al., 2013). The water contact angle at the PTFE surface decreased with 
increasing power from the initial 131° to ∼52° at RF power of 50 W, and the contact angle 
of di-iodomethane was ∼29° at the same RF power. Surface energy increased from an initial 
3.7×10−3 J/m2 to 3.79×10−2 J/m2 at 10 W and to 6.01×10−2 J/m2 at 50 W. (Huang et al., 
2013). With untreated PTFE only FTIR peaks at 1200 and 1148 cm–1 were detected. New 
absorption peaks at 1930 and 1460 cm–1 representing C–H stretching vibrations were found 
with treated samples. New peaks also appeared at 1380 and 2200 cm−1, which were assigned 
to both C–N and C≡N bonds. The new peak at 1640 cm–1 and the band at 3200–3600 cm–

1 were assigned to the N–H bond (primary amine) (Huang et al., 2013). 
Recently, Nyugen T. H. and Yajima treated PTFE foils in low-pressure non-equilibrium 

ICP RF plasmas in a gas mixture containing ammonia, argon and water. The WCA value 
of 4° at the PTFE surface was achieved, rendering superhydrophilic PTFE (Nguyen & 
Yajima, 2017). The treatment time was several minutes. 

Hai W. et al. treated PTFE for 15 min with a plasma consisting of Ar-H2O-NH3 with a 
similar experimental setup and achieved the WCA value of 4° after a 15 min treatment. 
F/C, N/C and O/C ratios were 0.31, 0.21 and 0.10, respectively. C*–C, C*=C, C*–H, C*–
N, C*–O and –(CH2–C*F2)n– functional groups were determined by XPS. Additionally, 
morphological changes at the scale of a hundred nm were found by scanning electron 
microscopy (Hai, Hi, Shimizu, & Yajima, 2015b). 

Although Ar-H2O-NH3 low-pressure plasma provides very good PTFE functionalisation 
capabilities, its major drawback is the content of ammonia, which can corrode vacuum 
equipment (alkaline water solution), causes lung irritation and has an unpleasant odour, 
has a large greenhouse effect, causes the formation of particulate matter in the atmosphere 
and causes surface water eutrophication (Behera, Sharma, Aneja, & Balasubramanian, 
2013). Therefore, despite the use of liquid nitrogen ice traps (used by Nyugen T. H. and 
Yajima and also Hai W. et al.), acceptable in a lab environment, it makes the industrial 
use of NH3-containing plasmas very inconvenient. Additionally, Hai W. et al. needed a 
treatment time of 15 min to achieve the WCA of 4°, which is also inconvenient for industry. 

1.5 Thesis Objectives 
The purpose of this doctoral thesis is to study the interactions of plasma radicals and 
radiation with fluorinated polymers. 

The research focused on the mechanisms of interaction of hydrogen and oxygen plasmas 
with the PTFE surface, which affect the different courses of reactions on the surface. 
Therefore, it was presumed that the functionalisation of PTFE could be achieved by a 
suitable combination of the effects of both plasmas. The effects of hydrogen ions, neutral 
hydrogen atoms and vacuum ultraviolet radiation on the alterations of the chemical 
structure of PTFE were investigated. The influences of the density and the fluence of 
neutral oxygen atoms on the hydrophilisation of the pre-treated PTFE surface with 
hydrogen plasma were studied. The ultimate goal of this research was the development of 
alternative methods of functionalisation (hydrophilisation) of the surface of fluoropolymers 
using low-pressure plasmas. The scientific results enabled the development of a new process 
for PTFE functionalisation with successive treatments of the PTFE surface in low-pressure 
hydrogen and oxygen plasmas. Additionally, the possibilities of upscaling our technology 
for industrial use were studied. 
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1.6 Hypotheses 
The following hypotheses were stated: 

 Low-pressure non-equilibrium hydrogen plasma causes the breakage of C−F 
bonds in PTFE due to the absorption of VUV radiation resulting in the 
formation of dangling bonds. Hydrogen atoms are bound to the dangling 
bonds forming polyolefin-like structures on the surface. 

 If PTFE with a previously synthesised polyolefin-like layer is treated with 
low-pressure non-equilibrium oxygen plasma, oxygen atoms are bound to the 
surface, forming hydrophilic and hydroneutral functional groups such as 
hydroxyl, carbonyl and carboxyl groups. The process should be similar to 
polyethylene functionalisation with oxygen plasma (polyethylene has a 
polyolefin structure). 

 The innovative industrial size plasma system sustaining plasma by four 
parallelly coupled inductors with the ability of precise impedance tunning 
enables the functionalisation of polymers of arbitrary sizes and shapes. 

1.7 Methodology 
Hydrogen and oxygen plasmas were sustained in an experimental inductively coupled 
reactor consisting of a borosilicate discharge tube, a radiofrequency generator, an 
impedance matching network, a six-loop water-cooled coil, a flow controller and a two-
stage rotary vacuum pump. Low-pressure non-equilibrium hydrogen plasma consists mostly 
of ions, neutral atoms, electrons, and hydrogen molecules and is a source of extensive 
vacuum ultraviolet (VUV) radiation. Oxygen plasma is a rich source of neutral O-atoms 
in the ground state.  

Plasmas were characterised by the following methods. Neutral oxygen and hydrogen 
atom densities in plasmas were measured with cobalt catalytic probes. Measurements of 
radiation arising from excited plasma species were performed by optical emission 
spectroscopy (OES). Reflected powers of the plasma system were measured by the power 
meters built into the RF generator. 

The properties of treated PTFE samples were measured using goniometry to determine 
the water contact angles (WCA) of the surfaces, X-ray photoelectron spectroscopy (XPS), 
and time-of-flight secondary ion mass spectrometry (ToF-SIMS). 

The innovative plasma system with four inductors coupled in parallel to a single RF 
generator, featuring impedance tunning of the leads of each coil, was designed using 3D 
CAD modelling (AutoCAD software). 
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Chapter 2 

2 Defluorination of the 
Polytetrafluoroethylene Surface by 
Hydrogen Plasma 

This chapter explains the interactions of H-atoms produced in non-equilibrium low-pressure 
hydrogen plasma with the PTFE surface, and their involvement in PTFE surface 
defluorination. From literature research, it is clear that H-atoms have an important role in 
the defluorination process of the PTFE surface in H-plasma, but it remains unclear whether 
they can cause sufficient defluorination by themselves. In this chapter, the ability of H-
atoms to defluorinate the PTFE surface was investigated under different plasma 
parameters and compared with the defluorination efficiency of hydrogen plasma itself. 

To sustain the hydrogen plasma, an RF inductively coupled discharge consisting of a 
borosilicate glass discharge tube with an internal diameter of 36 mm, a six-loop water-
cooled coil, an impedance matching network, an RF generator, a flow controller and a 
vacuum pump were used. The plasma system is shown in Figure 5.  

 

Figure 5: Experimental inductively coupled plasma system. 
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The PTFE samples were treated in a low-pressure hydrogen plasma at various 
systematically chosen plasma parameters, including the variation of plasma modes (E-
mode, H-mode), generator power, treatment time, and pressure. The location of the samples 
was also varied with different treatments. 

The elemental composition of the treated samples was evaluated by X-ray photoelectron 
spectroscopy (XPS) – analysed by Alenka Vesel, the chemical composition of the treated 
surface was evaluated by Time-of-flight secondary ion mass spectrometry (ToF-SIMS) – 
analysed by Jernej Ekar and the wettability of the treated surface was evaluated by 
goniometry (contact angle of the water droplet applied to the surface). XPS analyses were 
performed at different photoelectron take of angles (TOA) in order to obtain depth profiles 
of the elemental composition of the PTFE surface. 

At the discharge power of 400 W, treatment time of 1 s and H2 pressure of 25 Pa, 
several samples were inserted into the discharge tube individually and treated with H-mode 
hydrogen plasma. Within the coil area, WCA was about 83° after the treatment (about 
the typical value of polyolefins). Within the few centimetres into the early afterglow, the 
WCA slightly increased to a value close to 100°, and further into the late afterglow, WCA 
increased linearly with increasing distance from the coil, thus approaching the value of 
untreated PTFE (115°). The results were explained by weak capacitive coupling between 
the coil and metallic pump duct.  

At the discharge power of 400 W and H2 pressure of 25 Pa, the treatment time was 
varied, resulting in the initial decrease of WCA down to about 90° followed by a minimal 
rise to about 95° where it remained for the treatment time of 9 s. The constant value is 
explained by the saturated defluorination of the surface. 

When the PTFE samples were treated in plasma for 1 s at H2 pressure of 25 Pa, and 
the discharge power was varied between 100 and 900 W, the WCA initially dropped to the 
value of around 90° and stayed approximately constant toward the power of 900 W. 

When PTFE samples were treated at the discharge power of 400 W, treatment time of 
1 s and the pressure was varied between 10 and 60 Pa, a constant WCA value of 
approximately 90° was achieved. 

As the WCA depends only on the surface energy and surface morphology it cannot 
provide specific information on the elemental composition, chemistry and morphology of 
the surface. Therefore, XPS and SIMS analyses were performed. 

Untreated PTFE has an F/C ratio of 2.2. The F/C ratio of the PTFE surface treated 
by H-plasma obtained by XPS analysis at the discharge power of 400 W, H2 pressure of 
25 Pa dropped to about 0.3 after 0.2 s and reached its minimum of about 0.2 after 1 s. 
After 10 s, the F/C ratio raised to about 0.4. 

Using angular XPS at TOA of 15°, the F/C ratio of the PTFE surface, treated at the 
discharge power of 400 W for 1 s at H2 pressure of 25 Pa, was about 0.1. From the 
extrapolation of F/C ratios obtained from several XPS measurements of the same sample 
taken at TOA values between 15 and 75°, it was found that the F/C ratio at the TOA 
value of 0° would be practically 0, meaning that the surface was practically fluorine-free. 

In the case of E-mode PTFE surface treatment at 25 Pa and the discharge power of 
100 W (real power well below 100 W due to the matching network optimisation for the H-
mode plasma), there was a gradual decrease in the F/C ratio during treatment reaching a 
value of about 1.25 after 1 s and approaching the value of 0.6 after several seconds. 

The difference between the F/C ratios achieved on the PTFE surface with E- and H-
mode plasmas is explained by different mechanisms. E-mode plasma has 3 to 4 orders of 
magnitude weaker radiation than H-mode plasma, and H-atoms do not penetrate into the 
subsurface film as VUV photons do. Nevertheless, there is a possibility that H-atoms also 
attack the surface and are bound to dangling bonds (Yamada et al., 1996). After a 
treatment of 1 s at 100W, and H2 pressure of 25 Pa, measured at the TOA of 15° the F/C 
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ratio was about 0.9, which is significantly lower than the 1.25 measured with the sample 
surface treated under the same conditions at the standard TOA value of 45°, probably due 
to a much thinner functionalised layer. 

If one is about to confirm the formation of a fluorine-free polyolefin-like layer consisting 
of −CH− structures, XPS is not the ideal instrument of choice because hydrogen atoms 
cannot be detected. An advantage of the SIMS is that it has better surface sensitivity 
compared to XPS, rendering it ideal for analysing very thin surface layers (a few 
monolayers). Therefore, ToF-SIMS was used for analyses of the H-plasma treated PTFE 
surfaces. With a treatment time of 1 s and H2 pressure of 25 Pa, the discharge power was 
varied. A nearly linear increase of CxHy ions signals was observed between the discharge 
powers of 200 and 400 W and a decrease of CxFy ions signals down practically zero in the 
same power range. However, it is interesting that a substantial decrease of the CxFy ions 
signals happened in the discharge power range of 50 and 200 W, while the strong increase 
in CxHy ions signals intensity occurred only above the discharge power of 150 W. SIMS 
analysis confirmed the formation of polyolefin-like −CH− structures at the PTFE surface 
upon treatment with H2 plasma. 
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Chapter 3 

3 Effect of VUV Radiation and 
Reactive Hydrogen Atoms on 
Depletion of Fluorine from the 
Polytetrafluoroethylene Surface 

This chapter reveals the interactions of individual species of hydrogen plasma with the 
surface of PTFE during the pre-functionalisation step prior to functionalisation with O-
atoms. Understanding the effects of species formed in hydrogen plasma on the 
functionalisation of the PTFE surface is of great importance for the potential upscaling of 
the experimental process of PTFE pre-functionalisation with hydrogen plasma to an 
industrial scale. 

The same experimental plasma system was used as for the experiments presented in 
chapter 2. Initially, the emitted spectra of H-plasma were measured by optical emission 
spectroscopy (OES). Hα, Hβ, Hγ, Hδ lines and Fulcher molecular band were monitored along 
the discharge tube to obtain an axial radiation profile. The wavelengths were chosen 
because they are indicative of the VUV radiation distinctive for the Lyman series 
(transition to the ground state). Lyman series are typically an order of magnitude larger 
than the Balmer series (Hα, Hβ, Hγ, Hδ), and are known for their ability to break C−F 
bonds. We measured the Balmer series because our OES instrument was not suitable for 
the measurement of VUV wavelengths. The axial profile of hydrogen neutral atom density 
was measured using a cobalt catalytic probe. 

The PTFE surface was exposed either directly to glowing hydrogen plasma, either to 
only VUV and UV radiation, to only UV radiation, or to VUV radiation and neutral 
hydrogen atoms. PTFE samples were treated in the glow, early afterglow, and late 
afterglow plasmas. During exposure of the PTFE surface to only VUV radiation, samples 
were placed into a borosilicate glass enclosure covered with a MgF2 (good transmittance 
above 115 nm) window. During exposure of the PTFE surface to VUV radiation and 
neutral hydrogen atoms simultaneously, a similar borosilicate glass enclosure was used as 
for the exposure of PTFE to only VUV radiation. The difference was that there was a 
narrow slit in the wall of the enclosure to enable the diffusion of H-atoms and thus their 
interaction with the surface of the sample. A 10 mm opening was made on the side of the 
glass chamber to allow hydrogen atoms to enter the space inside the glass chamber by 
diffusion – in this case, the sample was exposed to atoms and radiation, but not to ions 
(plasma generation was not possible due to the small size of the chamber). 
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The elemental compositions within the surface layers of untreated and treated PTFE 
samples were measured by X-ray photoelectron spectroscopy (XPS) by Prof. Dr. Alenka 
Vesel. The discharge power for sustaining hydrogen plasma was 500 W and the hydrogen 
pressure 25 Pa. The results showed that the intensities of typical spectral features arising 
from hydrogen plasma are about three orders of magnitude smaller in the early afterglow 
than in the glow region, and the radiation intensity is negligible in late afterglow. Neutral 
H-atom densities were about 3×1021 in the glowing plasma region, about 1×1021 m−3 in the 
early afterglow and about 4×1018 m−3 in late afterglow. 

The F/C ratio of untreated PTFE was 2.2. The PTFE surface that was directly exposed 
to glowing plasma was efficiently defluorinated as the F/C ratio was decreased to about 
0.4 after 1 s, but after prolonged treatment, it increased to about 1. The sample exposed 
to only VUV radiation was defluorinated, but the defluorination rate was somewhat slower 
as after 1 s, the F/C ratio decreased to approximately 0.9 and after 6 s to approximately 
0.5. The F/C ratio of the surface exposed to VUV radiation and H-atoms also decreased 
to 0.5, but the decrease was slightly faster (after 3 s of treatment). In the case that MgF2 
glass was replaced with quartz glass, when using a close configuration in the glow region, 
the F/C ratio of the PTFE surface decreased to only 1.5, which is much higher than the 
0.8, achieved with the MgF2 window. In the early afterglow the F/C ratio of the directly 
exposed sample decreased to 0.6 after 5 s, the sample exposed to only VUV radiation 
obtained an F/C of 1.9, and the sample exposed to H-atoms and VUV radiation reached 
the F/C ratio of 2.1. In the late afterglow, the F/C ratio of the directly exposed sample 
was 2.2. 

The PTFE sample enclosed in the holder covered with a MgF2 window and its 
treatment in hydrogen plasma are shown in the photographs in Figure 6. 

 

  

Figure 6: PTFE sample enclosed in the holder covered with a MgF2 window inserted into 
the plasma system (left) and during H-mode hydrogen plasma treatment (right). 

The minimum F/C ratio resulting from direct exposure of the PTFE surface to plasma 
and further increase of the F/C ratio with treatment time was explained by thermal effects 
causing desorption of light C-rich fragments. The efficiency of VUV radiation for PTFE 
defluorination (breakage of C−F bonds causing the formation of dangling bonds) was 
proved. The slightly faster defluorination of the PTFE surface with the combination of 
VUV radiation and H-atoms was explained by their synergistic effects. It was hypothesised 
that VUV radiation breaks C−F bonds and causes the formation of dangling bonds that 
are terminated by the bonding of H-atoms, and H-atoms also capture the released F-atoms 
by the formation of HF molecules. If the sample is exposed only to VUV, F-atoms might 
be bound back onto the dangling bonds. It was also found that UV radiation from Lyman 
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B – X band and continuum (transition a to b) of neutral hydrogen molecules above 155 
nm has sufficient energy to break C−F bonds. However, the defluorination efficiency is 
lower than that of VUV radiation because of the higher penetration depth (penetration 
depth decreases with shorter wavelengths). It was found that the combination of weak 
radiation and high concentrations of H-atoms also causes F depletion as the F/C ratio 
decreased to 0.6 in the early afterglow while the PTFE surface was directly exposed to 
plasma. It was found that the H-atoms in such a case are of great importance because both 
radiation and the amount of charged particles are much lower in early afterglow than in 
glow plasma. This was further confirmed by the fact that the sample enclosed within the 
glass encloser covered with the MgF2 window treated in the early afterglow for 5 s exhibited 
the F/C ratio of only 1.9. The F/C ratio of 2.1 achieved with the treatment of the PTFE 
surface within early afterglow in the open glass encloser covered with the MgF2 window 
could be explained by the fact that H-atom concentration is greatly reduced due to the 
recombination process at the walls of the enclosure, while diffusion delivering new H-atoms 
within the enclosure through the narrow slit, is a slow process. However, it was found that 
only H-atoms in the late afterglow, where there was no significant radiation and where the 
density of ions was negligible, did not cause defluorination on the PTFE surface within the 
5 s treatment time interval. 
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Chapter 4 

4 Optimisation of Surface Wettability 
of Polytetrafluoroethylene (PTFE) by 
Precise Dosing of Oxygen Atoms 

This chapter discusses the superhydrophilisation of hydrogen plasma pre-functionalised 
PTFE with non-equilibrium low-pressure oxygen (O2) RF inductively coupled plasma. In 
the previous two chapters, it was demonstrated that hydrogen plasma efficiently 
defluorinates the PTFE surface, but the WCA of the plasma-treated PTFE surface remains 
high and surface energy remains low. Therefore, the possibilities of using oxygen plasma 
for optimal hydrophilisation of the samples were examined. We chose oxygen plasma 
because we hypothesised that O-atoms will interact chemically with the polyolefin-like 
surface, thus causing functionalisation with polar functional groups. 

We used the same experimental system as in chapters 2 and 3. Each sample was initially 
pre-treated with hydrogen plasma at optimal conditions. The real power of the hydrogen 
plasma was 355 W, the H2 pressure 25 Pa, and flowrate 140 sccm (with pre-treatment 
conditions chosen according to the research in chapters 2 and 3). 

After pre-treatment in hydrogen plasma, the samples were treated in the flowing 
afterglow of oxygen plasma. The real power of plasma was 465 W, the pressure of O2 30 Pa, 
the O2 flowrate 105 sccm and the treatment time varied between 0.03 and 300 s. Time 
variation under the given conditions was performed at three different coil-to-sample 
distances of 150, 300 and 500 mm. O-atom densities were measured with a cobalt catalytic 
probe at 150, 300 and 500 mm from the coil and were 3.4×1021, 3.2×1021 and 2.4×1021 m−3, 
respectively. The dose of received neutral oxygen atoms increases linearly with increased 
treatment time. Therefore, precise dosing of neutral oxygen atoms was possible by variation 
of the treatment time. In the experimental series performed at 150, 300 and 500 mm in the 
afterglow, the hydrophilicity of the surface was determined by measuring the static WCA 
of treated PTFE surfaces. The elemental composition of the treated PTFE surfaces was 
determined by XPS analysis. 

The WCA of untreated samples was 111 ± 4° and samples pre-treated with hydrogen 
plasma exhibited a WCA of 94 ± 3°. According to the elemental analysis by XPS (at 
standard TOA of 45°), the untreated samples consisted of 32 at.% of carbon and 68 at.% 
of fluorine, while pre-treated samples consisted of 75.4 at.% of carbon, 20.8 at.% of fluorine 
and 3.8 at.% of oxygen. 

Variation of the treatment time at all coil-to-sample distances resulted in the instant 
decrease of WCA to about 20° after 0.03 s of treatment. Then all three curves exhibited a 
plateau between 18 and 15°. WCA minima at coil-to-sample distances of 150, 300 and 
500 mm were in the range between 5 and 7° appearing at treatment times of 0.20, 0.25 and 
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0.30 s, respectively. With longer treatment times, the WCA increased toward the value of 
untreated samples. 

All three curves were plotted against the fluence of O-atoms. The initial courses of 
WCA curves and minima almost overlapped and appeared at 1×1023 m−2, 1.3×1023 m−2 and 
3×1023 m−2 at coil-to-sample distances of 150, 300 and 500 mm. At the coil-to-sample 
distance of 150 mm, the hydrophobic recovery starts beyond the O-atom fluence of 
3×1023 m−2 and the WCA hydrophobic recovery is faster than at the coil-to-sample distance 
of 500 mm. The coinciding competitive processes of etching and functionalisation explain 
the hydrophobic recovery. Because the polyolefin-like layer formed during the hydrogen 
plasma pre-treatment is very thin, it is important that the dose of received O-atoms is just 
right to provide the formation of hydrophilic groups but not too high, as large doses cause 
etching. The increased etching rate at a closer coil-to-sample distance is explained by a 
higher density of oxygen ions because their concentration is about one order of magnitude 
greater in early afterglow than in late afterglow. However, the initial functionalisation at 
close coil-to-sample distances occurs despite etching due to the high initial interaction 
probability of O-atoms. 

XPS analysis of the hydrogen plasma pre-treated PTFE functionalised with reactive 
species from oxygen plasma at the coil-to-sample distance of 150 mm showed an instant 
initial rise in oxygen concentration to about 20 at.% after 0.03 s of treatment (O-atom 
fluence of about 1.5×1022 m−2). The amount of oxygen in the surface film remained 
approximately constant up to the treatment time of 1 s (O-atom fluence of about 
5×1023 m−2). Beyond 1 s of treatment, O-concentration decreased quickly and after 13 s 
(O-atom fluence of 6.9×1024 m−2) it dropped to about 2.5 at.%. After 1 s of treatment, the 
F concentration and F/C ratio started to increase and almost reached values that are 
characteristic of untreated samples after 10 s. 

At the coil-to-sample distance of 500 mm, XPS analysis showed very similar trends as 
at the coil-to-sample distance of 150 mm. The difference was in the O-atom fluences at 
which the O-concentration in the sample's surface was approximately constant (ranging 
between 1×1022 and 4×1024 m−2). The broader range of O-atom fluences in plasma at which 
O-concentration in the sample's surface film was constant was also accompanied by the 
broader WCA minimum curve. 

The higher fluence value at a coil-to-sample distance of 500 mm rather than at 150 mm, 
where hydrophobic recovery due to surface etching became apparent, was explained by the 
marginal density of charged particles 500 mm away from the coil causing slower etching of 
the functionalised polyolefin-like layer. 

The WCA minima appearing at constant O-concentrations and F/C ratios within 
certain fluence ranges could be explained by the fact that the WCA does not depend solely 
on the surface composition but also on the morphology of the surface. 

Despite neutral oxygen atoms in the ground state appearing to be the most important 
for surface functionalisation kinetics, positively charged ions also influence the etching rate 
(an order of magnitude greater O-atom fluence was needed to achieve complete 
hydrophobic recovery at the coil-to-sample distance of 500 mm than at 150 mm). The 
importance of ions is supported by the fact that the differences in measured O-atom 
densities at different surface positions were marginal in comparison to the required fluences 
for full hydrophobic recovery of the surface. 

Functionalisation of the PTFE surface by successive treatments with hydrogen and 
oxygen plasmas is illustrated in Figure 7. 
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Figure 7: Schematic representation of PTFE functionalisation achieved by successive 
treatments of the PTFE surface with hydrogen and oxygen plasmas. 

Figure 8 shows a water droplet on the surface of plasma-treated PTFE exhibiting the 
water contact angle of about 5° showing that PTFE was successfully rendered 
superhydrophilic. 

 

Figure 8: Superhydrophilic PTFE. 
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Chapter 5 

5 Power Characteristics of Multiple 
Inductively Coupled RF Discharges 
Inside a Metallic Chamber 

Gaseous non-equilibrium inductively coupled low-pressure cold plasmas can be effectively 
coupled at high power densities and moderately high pressures only in relatively small 
volumes. This represents an obstacle to their use in industrial applications where there is 
a need for treatment of various dimensions and large atom densities, as well as high 
radiation intensities at moderate gas pressures. 

Several solutions have been developed, including stainless steel reactors with multiple 
coils mounted on the top flange connected in parallel, low-impedance antennas mounted 
inside the stainless-steel reactor, and helicons mounted on dielectric covers of the stainless 
steel reactors. 

However, there are certain drawbacks of the developed solutions. For example, systems 
with multiple coils connected in parallel mounted on the top flange of the reactor have 
typical problems regarding power distribution between the coils, which can be substantially 
improved by the use of a power distributor consisting of symmetrical hot wire connectors 
with equal impedances and grounding connections connected to the shielding of coaxial 
wire that are also symmetrical to provide equal impedances (coil geometry must also be 
the same). Additionally to the power distribution problem, there is a problem regarding 
ions, atoms, and radiation density because the coils are typically mounted onto dielectric 
cups above the reactor flange, resulting in a loss of charged particles and neutrals due to 
their recombination on the surface of the glass cup and stainless steel flange. 

Because our goal is upscaling the PTFE hydrophilisation process explained in chapters 
2, 3 and 4, we had to solve the problems regarding ICP plasma in industrial-scale systems. 

We designed a new innovative industrial-scale stainless-steel plasma system with four 
inductors mounted in parallel. The innovative power distributor for the parallel connections 
of coils with a single RF generator via a matching network was developed. The power 
distributor was designed based on the perfect symmetry of electrical leads of hot wire 
connectors and the ground connectors of individual coils while enabling precise impedance 
adjustments by use of sliders for each individual lead of each hot wire and the ground 
connector of each coil. Additionally, a new type of dielectric cup was invented and 
engineered. The dielectric cup consists of two glass tubes fused at the bottom. The inner 
tube is longer and the outer is shorter, having a flange for vacuum sealing. The coil is 
inserted into the slit between the two fused tubes. The new design of the cup shortened 
the path of the plasma into the volume of the stainless-steel reactor and therefore reduced 
the recombination, thus enabling higher densities of neutral atoms and ions. Furthermore, 



54 Chapter 5. Power Characteristics of Large Reactor with Four Coils 

in the new type of dielectric cup, plasma is generated in the middle of the coil within the 
volume of the discharge tube. This is superior to the design presented in the literature.  

The diameter of the reactor is 0.6 m, and the height is 0.5 m. Four coils are centrally 
mounted onto the flange and sunk under the lower level of the flange within the specially 
designed dielectric cups with an internal diameter of discharge tubes of 36 mm. The coils 
are water-cooled and have 6 and ¾ turns. The dielectric cups are forced air-cooled. 
The coils are connected to a custom-made matching network consisting of two Commet 
Maxi-Con variable capacitors (capacitances between 20 and 250 pF) connected into a 
gamma circuit. The power distributor was made of three 10 mm thick Vitroplast (FR4) 
layers, and the electrical leads were made of copper and brass (star-like shapes of 
distribution leads). The power distributor was connected to the matching network via a 
short coaxial wire. The matching network was connected to a 5 kW Advanced Energy 
Cesar 1350 RF generator with another coaxial wire. The chamber was pumped with a two-
stage rotary pump with a nominal pumping speed of 40 m3/h. Gas was leaked into the 
system through all four dielectric cups equipped with small diameter nozzles that were 
connected to a single tube leading to a needle valve that was connected to an oxygen bottle. 
The pressure in the reactor was measured with an absolute capacitive gauge. The new 
innovative plasma system is shown in Figure 9. 

 

  

  

Figure 9: The innovative plasma reactor (upper left), the flange of the reactor (upper 
right), the power divider (lower left), and a detail of the impedance regulation slider 
(lower right). 

After assembly, the plasma system was tested to confirm that oxygen plasma was 
sustained. The impedances of individual coils were adjusted based on the powers required 
for E- to H-mode plasma transitions in each coil. E-mode plasma differs from H-mode 
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plasma by its luminosity, which is about two orders of magnitude greater in H-mode plasma 
(as measured by OES) than in E-mode plasma, so the transitions can be easily recognised 
by the naked eye. Besides that, H-mode plasma has a much higher density of ions than E-
mode plasma. Initially, the sliders of the power divider were carefully aligned. Alignment 
of the sliders was done by igniting plasma in E-mode in all four coils, increasing the RF 
power very slowly, identifying the order of the E- to H-mode transitions for each coil, 
decreasing the impedances of coils with transitions at higher power, and increasing the 
impedances of coils with transitions at lower power. Additional impedance adjustments 
were made by aligning the spacings between the loops of the coils. After several iterations, 
the power increases between the E- to H-modes of individual coils became more even, and 
the power required to sustain H-mode plasma in all four coils was substantially decreased. 

After the impedances were aligned, the powers required for the transitions of plasma in 
each coil from E- to H-mode and from H- to E-mode in the dependence on the oxygen 
pressure in the reactor were systematically characterised. At each selected pressure between 
5 and 25 Pa, at the required forward power of the generator for the sustaining of H-mode 
plasma, the matching network was optimised for the minimisation of reflected power. If 
the forward powers of transitions from E- to H-mode are plotted versus the oxygen pressure 
by the number of coils in H-mode (the order of coils in which plasma mode transitions 
occur is not taken into account), it can be seen that the increases in forwarding powers for 
each subsequent transition become almost perfectly linear. 

To eliminate the effects of the matching network optimisation for H-mode plasma 
sustained in all four coils at specific pressures on the forward powers required for plasma 
mode transitions, the real powers of E- to H-mode transitions were calculated by 
subtraction of the reflected powers. Plotting the real powers of subsequent coils transitions 
from E- to H-mode versus pressure revealed that the curves are somewhat lower. It is worth 
highlighting that each subsequent transition of the coil from E- to H- mode requires 
approximately the same increase in real power as the previous transition. Theoretically, 
this means that several coils could be efficiently coupled in parallel in the manner 
demonstrated here. 

If the forward powers of subsequent transitions from H- to E-mode are plotted by the 
number of coils in H-mode versus pressure, it becomes apparent that the transitions from 
H- to E-mode occur at much lower powers than transitions from E- to H-mode. The 
differences in forward powers between transitions of different coils from H- to E-mode 
appear because of uneven power distribution due to the matching network optimisation for 
the H-mode, which means that after one coil changes its mode to E, the energy absorption 
becomes less efficient and the remaining power is redistributed to other coils in H-mode. If 
the real powers of subsequent transitions from H- to E-mode are plotted by the number of 
coils in H-mode versus pressure, it can be seen that the power of transitions increases 
linearly with pressure. 

Plotting the real power of subsequential transitions from E- to H-mode after subtracting 
the real powers of subsequential H- to E-mode transitions revealed the hysteresis, which 
increased with pressure in an almost linear manner, and equally for all four coils. 

The sequential transition of coils from E-to H-modes are the consequence of plasma 
peculiarities, plasma impedances, and imperfection in the equalisation of coil impedances. 
The power is equally distributed when all four coils are sustaining the H-mode plasma. The 
power absorbed in E- mode is also marginal compared to the power absorbed in H-mode. 
Because the hysteresis is already high at moderate pressures, it is possible to ignite plasma 
at high power and then reduce the power for treatment to save energy. The minimum 
discharge power per coil in H-mode was approximately 300 W, which is comparable with 
simple single-coil plasma systems.  
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Chapter 6 

6 Oxygen Atom Density in a Large 
Reactor Powered by Four Inductively 
Coupled Plasma Sources 

As the efficiency of the coupling of four coils in parallel was proved as described in chapter 
5, the gradient of O-atoms within the chamber was evaluated by use of a catalytic probe. 
Please refer to chapter 5 for a description of the system. The difference was that the 
pumping speed was increased by the consecutive coupling of roots (Busch vacuum Wv 
0500 B OHI KAFA) and two-stage rotary pump (Trivac DB 40). The nominal pumping 
speed of the roots pump is 600 m3/h and of the rotary pump 40 m3/h. Within a few 
minutes, the reactor was evacuated to a pressure of less than 1 Pa (below the quantification 
limit of the absolute capacitive gauge). The inner walls of the reactor were covered with 
an aluminium mantle (with holes where the ports for equipment and measurements are 
TIG welded). 

Prior to measurement of neutral O-atom densities, the catalytic probe was mounted 
and the reactor evacuated to the ultimate pressure. For each measurement, oxygen plasma 
was sustained at the real power of 1800 W and oxygen pressure of 20 Pa (oxygen flow of 
420 sccm) during continuous pumping to provide efficient transport from the discharge 
tubes into the reactor’s chamber. The O-atom density was measured with the catalytic 
probe (calibrated for oxygen) at distances of 0.5, 21 and 43 cm below the lower level of the 
dielectric cups. The probe was moved in increments of 2.5 or 5 cm depending on the 
gradients found and the scientific relevance of the specific location within the reactor. 

In the measurement line of 0.5 mm under the level of the dielectric cups, O-atom density 
in the centre between the cups was around 2×1021 m−3. There were two distinctive peaks 
under the exhausts from the dielectric cups where the O-atom density was about 
4×1021 m−3. Toward the walls of the reactor, with a distance of approximately 10 cm from 
the inner aluminium mantle, the O-atom densities decreased to the value of 1×1020 m−3. 

A smooth curve free of maxima was obtained 21 cm below the lower level of the 
dielectric cups’ exhausts. In the middle of the reactor, O-atom density was about 
1.2×1021 m−3, and the values were approximately the same over the whole diameter of the 
reactor, except within a distance of approximately 10 cm from the walls. That plasma 
density decreased in the proximity of the walls can be explained by the recombination of 
O-atoms on the aluminium surface. The coefficient is low but not negligible, which becomes 
obvious when O-atom densities at the lowest level of the reactor are taken into account. 

The O-atom density decreased to approximately 4×1020 m−3 43 cm under the lower 
level of the dielectric cups, and some gradients appeared that are hard to explain but might 
be a consequence of the proximity of gas exit from the reactor. 
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To demonstrate the importance of the reactor’s aluminium mantle for supressing the 
recombination of O-atoms, the O-atom density was measured in stainless steel side tubes 
with a diameter of 4 cm. Within the side tube at the top of the reactor, the O-atom density 
decreased from 1×1021 to 1×1020 m−3 within the distance of 8 cm. This demonstrates high 
recombination of O-atoms on the surface of the stainless steel. 

Figure 10 shows a photograph of the reactor with oxygen plasma. The catalytic probe 
is a small bright disc. 

 

Figure 10: Catalytic probe at the exhaust of the discharge tube. The probe is visible as 
a bright disc just below the rightmost discharge tube. 
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Chapter 7 

7 Conclusions 

We studied the mechanisms of PTFE defluorination in E- and H-mode hydrogen plasmas. 
We explained the mechanisms of superhydrophilisation of hydrogen plasma pre-treated 
PTFE samples with oxygen plasma and clarified the role of O-atom fluences on the 
functionalisation of the PTFE surface. We also designed, engineered, manufactured, and 
tested an innovative industrial size reactor using four inductors coupled in parallel to 
generate large volume plasmas featuring homogeneous atom densities. The conclusions are 
summarised as follows: 

 Low-pressure hydrogen plasma in both H- and E-modes is capable of 
defluorinating the PTFE surface by breaking C−F bonds. 

 In the E-mode of hydrogen plasma, the defluorination process is much slower 
than in H- mode because radiation is several orders weaker. The 
functionalised layer is thinner, and less fluorine is removed in the E-mode, 
which is consistent with the F/C ratio of 0.6 determined by XPS after several 
seconds of treatment. 

 An F/C ratio of 0.4 was obtained after 1 s of hydrogen plasma treatment in 
H-mode. By XPS analysis performed at several photoelectron take-off angles 
(TOA) and extrapolation of TOA to zero TOA, an F/C ratio of practically 
zero was observed, indicating the formation of a polyolefin-like film on the 
PTFE surface. This was confirmed by the SIMS analysis, where the amount 
of CxFy ions was barely detectable, and the CxHy ions signals prevailed in 
SIMS spectra. 

 By selective exposure of PTFE to only VUV radiation, we found that the 
VUV radiation alone is very effective in breaking C−F bonds. As the decrease 
in F/C ratio was somewhat faster during combined exposure to VUV and H-
atoms, we concluded that H-atoms play an important role in the termination 
of dangling bonds (H-atom covalent bonding in accordance with SIMS results) 
and in binding the released fluorine atoms. The optimal VUV fluence for the 
depletion of F-atoms in the PTFE surface film during hydrogen plasma 
treatment was found to be about 1017 cm−2. 

 Afterglow oxygen plasma with a prevailing content of O-atoms was found to 
be optimal for rendering superhydrophilic PTFE with a polyolefin-like layer 
of a few nm thickness, formed by previous treatment with H-mode glow 
hydrogen plasma. The competitive processes of functionalisation and etching 
were found occurring on the surface. The water contact angle of 5° was 
achieved on the PTFE surface after a very short treatment time of 0.2 s with 
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oxygen plasma. We discovered that the initial functionalisation resulting in 
the decrease of water contact angle to about 20° occurred within 0.03 s of 
oxygen plasma treatment. It is of special interest that the elemental 
composition of the sample monitored by XPS remained constant with an O-
concentration of 20 at.% during the oxygen plasma treatment from 0.03 s to 
0.2 s when the WCA minimum was achieved. This leads to the conclusion 
that the WCA is not solely dependent on the chemical composition but also 
depends on the surface roughness. Within several seconds after reaching the 
minimum, the WCA increased. The oxygen concentration in the PTFE 
surface decreased close to zero, and the F/C ratio increased to the value of 
untreated material after prolonged treatment with oxygen plasma. Complete 
hydrophobic recovery occurred, meaning that oxygen bound in hydrophilic 
and hydroneutral functional groups (hydroxylic, carboxylic and carbonyl 
groups formed on the surface) was completely etched, and so was the 
polyolefin-like film. 

 The functionalisation required for superhydrophilicity of the pre-treated 
PTFE surface depends primarily on O-atom fluence (in the range of 
1×1023 m−2 to 3×1023 m−2). However, it is apparent that a higher abundance 
of charged particles in plasma causes minimal changes in 
superhydrophilisation time, but importantly accelerates the etching process 
leading to quicker hydrophobic recovery. 

 Power distribution in the innovative plasma system was proved to be 
efficiently equalised, so that each coil receives almost exactly the same power 
(minor differences in power distribution cause successive transitions of coils 
from E- to H-mode). It was found that the real powers required for 
subsequential transitions of coils from E- to H-mode during increasing power 
were almost exactly the same for each subsequent coil, and their sum rose 
almost linearly with the oxygen pressure within the reactor. The transitions 
from H- to E-mode during the decrease of real power were also consequential. 
At all transitions, almost the same power decreases were found and occurred 
at much lower powers than E- to H-mode transitions. The absolute values of 
real powers of H- to E-mode transitions also rose linearly with increased 
pressure. Hysteresis between real powers of E- to H-mode transitions and H- 
to E-mode transitions were found to increase linearly with increasing pressure 
and were approximately the same for each coil at a given pressure. At an 
oxygen pressure of 5 Pa, hysteresis was negligible but increased to 600 W at 
an oxygen pressure of 25 Pa. We found that power can be saved if plasma is 
ignited in H-mode at the required power, and then the working power is 
decreased just to above the limit of the first H- to E-mode transition. 

 The innovative industrial scale plasma system with four inductors efficiently 
generates a large volume of plasma with homogeneous neutral atom densities 
within the area starting about 20 cm below the plasma exhaust from the 
dielectric cups and at least 10 cm away from the walls of the inner aluminium 
mantle. In this volume, at the real power of 1800 W, and oxygen pressure of 
20 Pa, the O-atom density of 1.2×1021 m−3 was measured. 

To conclude, an environmentally friendly method for the functionalisation of PTFE to 
the superhydrophilic state (water contact angle of 5° was obtained), using only low-pressure 
nonequilibrium hydrogen and oxygen plasmas was discovered, developed, and explained in 
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detail. An industrial plasma system based on the newest scientific discoveries, able to 
sustain a high volume of plasma featuring homogeneous neutral atom densities was 
engineered, developed and successfully tested. The presented research is highly relevant 
because the innovative method has not been previously published in the scientific literature. 
In the end, it can be noted that further research work is needed to achieve a deeper 
understanding of the effects of morphology (etching of the surface by O-atoms and ions) 
on the WCA of PTFE rendered superhydrophilic by the presented method. Further 
research in upscaling the presented process to take place in an industrial size plasma reactor 
would also be beneficial to protect the environment by providing a real option for 
substituting the use of environmentally harmful chemicals with ecologically friendly plasma 
technologies in industry. 
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